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STUDY OF MICROMETEOROID DAMAGE TO 
THERMAL CONTROL MATERIALS 

I. INTRODUCTION 

T h i s  r e p o r t  summarizes the work performed under NASA 
Cont rac t  NAS8-11149, for  t h e  per iod from 7 February 1964 t o  
3 November 1964. The o b j e c t i v e  of t h e  program w a s  t o  s tudy 
exper imenta l ly  t h e  e f f e c t s  of micrometeoroid damage on metallic 
thermal c o n t r o l  materials. 

A s  space exp lo ra t ion  programs become more ambitious,  t h e  

hazard posed t o  s u c c e s s f u l  spacecraft performance by t h e  con- 
t i n u a l  meteoroid bombardment t o  which it is exposed, becomes 
i n c r e a s i n g l y  s i g n i f i c a n t .  In  t h e  p a s t ,  emphasis w a s  placed on 
t h e  problem of c a t a s t r o p h i c  damage as t h e  r e s u l t  of chance 
c o l l i s i o n s  w i t h  r e l a t i v e l y  large meteoroids .  However, more 
f r equen t  encounters  are made w i t h  less damaging micrometeoroids 
which are known t o  e x i s t  i n  much g r e a t e r  numbers. Such c o l -  
l i s i o n s  can reduce spacec ra f t  performance by g radua l ly  pro- 
ducing changes i n  t h e  su r face  p r o p e r t i e s  of materials. Thermal 
c o n t r o l  systems of spacec ra f t  depend, t o  some e x t e n t ,  upon t h e  
properties of pass ive  thermal r a d i a t o r s .  S i g n i f i c a n t  changes 
i n  t h e s e  p r o p e r t i e s  could a l t e r  t h e  temperature  balance which, 
i n  t u r n ,  could j eapord ize  t h e  mission.  

I t  is g e n e r a l l y  assumed t h a t  micrometeoroid damage w i l l  
cause  a change i n  thermal  r a d i a t i v e  p r o p e r t i e s  by  e ros ion  of 
thermal c o n t r o l  c o a t i n g s  o r  by  roughening of m e t a l l i c  s u r f a c e s .  
Fo r  the la t ter  case, p i t t i n g  of a metallic s u r f a c e  by micro- 
meteoroid bombardment w i l l  l i k e l y  r e s u l t  i n  increased emi t tance .  
Second o r d e r  effects, such as work hardening,  could a l s o  con- 
t r i b u t e  t o  change. A t  t he  present  t i m e ,  n e i t h e r  the  micro- 
meteoroid f l u x  nor  the effects of m e t e o r i t i c  impact are known 



4 146 -6009-SU-000 
Page 2 

w e l l  enough t o  p r e d i c t ,  i n  advance, t h e  o v e r - a l l  effect of 
exposure t o  t h e  space environment. Accordingly,  t h i s  program 
w a s  undertaken a t  TRW Space Technology Laboratories t o  provide 
a d d i t i o n a l  in format ion  on t h e  effects of micrometeoroid bom- 
bardment. 

Simply stated, t h e  experimental  program c o n s i s t e d  of 
measuring t h e  e m i s s i v i t y  of h igh ly  r e f l e c t i n g  metallic materi- 
a l s  before and after s u b j e c t i n g  t h e  test samples t o  va ry ing  
degrees of s imula ted  micrometeoroid exposure.  The observed 
changes were then  correlated t o  s u r f a c e  damage i n  terms of t h e  
f r a c t i o n a l  area covered by craters and t h e  t o t a l  number of 
impact ing particles.  From these data, t h e  magnitude of t h e  
a n t i c i p a t e d  change i n  t h e  a c t u a l  space environment can be 

determined provid ing  t h e  meteoroid f l u x  is known. Furthermore,  
t h e  r e l a t i v e  s u s c e p t i b i l i t y  t o  change of v a r i o u s  materials can 
be deduced-from t h e  data. A t  first s i g h t ,  t h e  observed effects 
appear t o  be r e l a t i v e l y  smal l .  However, t h e  end r e s u l t  depends, 
t o  a great e x t e n t ,  upon the  numbers and p rope r t i e s  of t h e  

n a t u r a l  meteoroid environment, 

Although t h e  experiments are r e l a t i v e l y  straiglitf orward, 
a c e r t a i n  amount of care was e x e r c i s e d  i n  data a c q u i s i t i o n  and 
ana lys$s  i n  order t o  achieve maximum b e n e f i t  from t h e  program. 
Experimental  appa ra tus  and procedures  are d i scussed  i n  t h e  

f o l l o w i n g  s e c t i o n .  The experimental  r e s u l t s  are presented  i n  
S e c t i o n  111, w h i l e  t h e  conclus ions  drawn from these r e s u l t s  
are .discussed i n  Sec t ion  I V .  
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11. EXPERIMENTAL APPARATUS AND PROCEDURES 

A .  Targe t  Bombardment Phase 

1. The Electrostatic Accelerator 
The STL e l e c t r o s t a t i c  hype rve loc i ty  accelerator 1 

was used as  a source  of high-speed particles f o r  a l l  of the 
measurements described here,  In  t h i s  accelerator, small par- 
t icles are charged e l e c t r i c a l l y  by a process described else- 
where: and are i n j e c t e d  i n t o  t h e  a c c e l e r a t i n g  f i e l d  of a 
2-mil l ion v o l t  Van de Graaff g e n e r a t o r .  They are subsequent ly  
accelerated t o  a f i n a l  v e l o c i t y  g iven  by v = (2qV/m)1/2, where 
V is t h e  a c c e l e r a t i n g  vo l t age ,  m t h e  mass of t h e  par t ic le ,  and 
q its charge. A s  described i n  Ref. 2,  t h e  q / m  r a t io  is 
p r o p o r t i o n a l  t o  t h e  r e c i p r o c a l  of particle r a d i u s .  
t h e  electrostatic method of accelerating particles is m o s t  
e f f e c t i v e  f o r  s m a l l  particles. Under optimum c o n d i t i o n s ,  a 
one-micron diameter i r o n  p a r t i c l e  ach ieves  a f i n a l  v e l o c i t y  of 
n e a r l y  8 km/sec. Higher q / m  ra t ios  and cor respondingly  h i g h e r  

v e l o c i t i e s  are achieved w i t h  lower d e n s i t y  materials and 
smaller particles. V e l o c i t i e s  up t o  30 km/sec have been ob- 
se rved  w i t h  smaller i r o n  p a r t i c l e s  and a l so  w i t h  carbon par- 
t ic les .  For  t h e  work described here, only  i r o n  par t ic les  w i t h  
a mean diameter of about 1 .5  microns were used .  Considerably 
smaller particles were p resen t  i n  t h e  sample, b u t  no attempt t o  
detect them w a s  made because t h e i r  c o n t r i b u t i o n  t o  s u r f a c e  
damage was cons idered  t o  be n e g l i g i b l e .  

Consequently, 

The charge and v e l o c i t y  of particles from t h e  

accelerator are determined by measuring t h e  magnitude and dur -  
a t i o n ,  r e s p e c t i v e l y ,  of a voltage s i g n a l  induced on a 
c y l i n d r i c a l  d r i f t  tube  of known capac i t ance  and l e n g t h  through 
which t h e  particle passes. The charge is given by q = CVi, 
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where Vi is t h e  amplitude of t h e  p u l s e  and C is t h e  capac i t ance  
of the  d r i f t  tube  t o  ground. The v e l o c i t y  is simply v = 4 / t ,  
where t is the t r a n s i t  t i m e  through a c y l i n d e r  of l e n g t h  4 .  
The mass (hence, t h e  r a d i u s )  of t h e  par t ic le  is found from 
m = 2qV/v . Usual ly ,  t h e  s i g n a l  is ampl i f i ed  and d i sp layed  on 
an o s c i l l o s c o p e  trace which  is photographed f o r  later a n a l y s i s .  

2 

The manual ope ra t ion  of t h e  charged particle 
i n j e c t o r ,  u t i l i z e d  before t h i s  program w a s  begun, is not  
a p p l i c a b l e  t o  experiments  where high r e p e t i t i o n  rates are re- 
q u i r e d .  Accordingly,  an automatic  p a r t i c l e  i n j e c t o r  c o n t r o l  
system was i n s t a l l e d  i n  t he  accelerator. The i n j e c t o r  and 
a s s o c i a t e d  components are loca ted  w i t h i n  t h e  h igh  v o l t a g e  
t e r m i n a l  of t h e  Van de Graaff. C o n t r o l  of the u n i t  is accom- 
p l i shed  by means of se l syn -  and so lenoid-dr iven  c o n t r o l  rods 
which extend t h e  l e n g t h  of t h e  a c c e l e r a t o r  column and are 
opera ted  from t h e  c o n t r o l  console .  

I n  order t o  expel  par t ic les  from t h e  i n j e c t o r ,  i t  
is necessa ry  t o  provide a 10 t o  15 kv p u l s e  of about 10 m i l l i -  
seconds d u r a t i o n  t o  the i n j e c t o r .  In  the manual mode, a p u l s e  
was genera ted  by discharging a capacitor through a pu l se  
forming network. The pulse  w a s  f e d  t o  a h igh  vo l t age  pu l se  
t u b e  whose ou tpu t  was applied t o  t h e  i n j e c t o r .  The sequence 
of e v e n t s  w a s  i n i t i a t e d  by a c t u a t i o n  of one of t h e  so lenoid-  
d r i v e n  c o n t r o l  rods.  

In  t h e  automatic  mode ( i l l u s t r a t e d  i n  F ig .  l ) ,  t h e  

t r i gge r  p u l s e s  are obtained from a free running m u l t i v i b r a t o r .  
The m u l t i v i b r a t o r  r e p e t i t i o n  ra te  is a d j u s t a b l e  t o  f i v e  d i f -  

f e r e n t  v a l u e s  by s e l e c t i o n  of t h e  coup l ing  capacitors w h i c h  are 
mounted on t w o  s ix -pos i t i on  wafer switches.  Switching of t h e  

capacitors is accomplished by means of a so lenoid-dr iven  
s t e p p i n g  swi tch .  Each time t h e  so l eno id  is a c t u a t e d ,  t h e  wafer 



4 11G-GO03 -SU-000 
1’n::c !-I 

“0 NE- SHOT” 
MU LT IV IBRATOR MULTIVIBRATOR 

b 

c 

HIGH 
VO LTAG E 

PULSE TUBE 
h 

TO 
SOLENO ID-DR IVEN 

CONTROL ROD 

Figure 1 ,  Cloclc Diagram of the Automatic Particle 
Injcctor Pulscr. 



4146-6009-SU-000 
Page 6 

swi t ch  is advanced one p o s i t i o n .  
located w i t h i n  t h e  c o n t r o l  console ,  c o n t r o l s  lamps which i n d i -  
cate the p o s i t i o n  of the switch a t  any t i m e .  

A s imilar wafer s w i t c h ,  

The r e p e t i t i o n  rates a v a i l a b l e  are 10, 30, 100, 300, 
and 600 p e r  minute and manual. 
m u l t i v i b r a t o r  is turned  off and t h e  i n j e c t o r  is t r i g g e r e d  
manually as before. 

In the manual p o s i t i o n ,  the  

T r i g g e r  s i g n a l s  de r ived  from either t h e  m u l t i v i b r a -  
t o r  or t h e  manual pu l se  forming network are f e d  t o  a "one-shot" 
m u l t i v i b r a t o r  which s u p p l i e s  a square  wave s i g n a l  t o  the g r i d  
of t h e  h igh  v o l t a g e  pu l se  tube .  The d u r a t i o n  of t h i s  s i g n a l  is 
set  a t  about 10 m i l l i s e c o n d s .  The amplitude of t h e  inpu t  s i g n a l  
de te rmines  t h e  ampli tude of t h e  output  v o l t a g e  pu l se  and is 
a d j u s t a b l e  from t h e  control  conso le .  

The number of par t ic les  i n j e c t e d  per p u l s e  is a 
f u n c t i o n  of pu l se  amplitude and d u r a t i o n .  Normally, these 
q u a n t i t i e s  are ad jus t ed  t o  g i v e  one particle per pu l se  on the 
average .  The particle impact rate f o r  most of t he  work was set 
a t  600 per minute (lO/sec). During t h e  l a t t e r  part  of t h e  

program, t h e  impact rate was s u c c e s s f u l l y  raised t o  about 
2O/sec by i n c r e a s i n g  t h e  amplitude of t h e  i n j e c t i o n  p u l s e .  

2 .  Particle Parameter Ana lys i s  

In  order t o  apply t h e  r e s u l t s  of l a b o r a t o r y  e x p e r i -  
ments t o  t h e  problems of t h e  a c t u a l  space environment, t h e  
parameters of t h e  particles used i n  t h e  experiments  must be 

determined.  However, it is not  necessary  t o  measure t h e  param- 
eters of a l l  of t h e  par t ic les  because on ly  t h e  combined effects 
of many p a r t i c l e  impacts  a r e  s i g n i f i c a n t .  A more reasonable  
approach is t o  count t h e  t o t a l  number of p a r t i c l e s  i n c i d e n t  on 
the  t a r g e t  sample and to  analyze a s u f f i c i e n t  number of them t o  
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s p e c i f y  t h e  d i s t r i b u t i o n  of p a r t i c l e  masses and v e l o c i t i e s .  
Two data ana lyz ing  systems, b o t h  i n c o r p o r a t i n g  t h e  sampling 
concept ,  were used i n  t h i s  program. 

The count ing  s y s t e m  f o r  r eco rd ing  t h e  t o t a l  number 
of p a r t i c l e  impacts  w a s  common t o  both systems.  Detector s ig-  
n a l s ,  i n  t h e  form of r e c t a n g u l a r  v o l t a g e  p u l s e s ,  were f ed  t o  a 
v o l t a g e  d i s c r i m i n a t o r .  S i g n a l s  w i t h  ampl i tudes  exceeding t h e  
d i s c r i m i n a t i o n  l e v e l  produce a s t anda rd  v o l t a g e  p u l s e .  These 
are presented  t o  a Baird-Atomic decade scaler which is conven- 
t i o n a l  i n  all r e s p e c t s .  I n  o p e r a t i o n ,  t h e  d i s c r i m i n a t i o n  l e v e l  
w a s  set  comfortably above t h e  n o i s e  l e v e l .  Furthermore,  the 
d i s c r i m i n a t o r  would reject l o w  frequency no i se  even i f  it 
exceeded t h e  v o l t a g e  th re sho ld .  A s  mentioned earlier,  no 
special e f f o r t  w a s  made t o  record  t h e  very  small, f a s t  par-  
t i c l e s  which c o n t r i b u t e  n e g l i g i b l e  damage t o  t h e  target s u r f a c e .  

In  one method of data a n a l y s i s ,  t h e  detector s ig -  

n a l s  were d i sp layed  on an o s c i l l o s c o p e  and photographed f o r  

s i g n a l s ,  t h e  camera s h u t t e r  was a c t u a t e d  by a camera c o n t r o l l e r  
u n i t .  T h i s  u n i t  c o n s i s t s  of a number of clock r e l a y s  which 
c o n t r o l l e d  t h e  exposure time and t h e  i n t e r v a l  between exposures .  

z-+-r a n a l ~ + c r i c  =rrJ,lr t- eb+--f- r ~ ~ ~ ~ ~ .  s ~ ~ a p ~ ~ s  ~2 ~l~~~+~~ 
-----g --- * 

In  order t o  min imize  confus ion  which arises from 
m u l t i p l e  detector s i g n a l s  on a s i n g l e  frame, the o s c i l l o s c o p e  
w a s  operated i n  t h e  s i n g l e  sweep mode. T h i s  w a s  accomplished 
by p a r a l l e l i n g  t h e  manual reset s w i t c h  on the oscil loscope b y  
t h e  camera f l a s h  c o n t a c t s .  When these c o n t a c t s  were closed, 
t he  o s c i l l o s c o p e  w a s  armed and the  next  detector s i g n a l  t o  come 
a long  t r iggered  t h e  osc i l l o scope  sweep. No more s i g n a l s  were 
displayed u n t i l  t h e  c y c l e  of camera o p e r a t i o n  w a s  repeated. 

Random samples were ob ta ined  by  ensu r ing  that  no 
t i m e  c o r r e l a t i o n  existed between t h e  i n j e c t i o n  of par t ic les  and 
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a c t u a t i o n  of the camera s h u t t e r  Usual ly ,  t h e  exposure . i n t e r v a l  
w a s  set a t  one minute w h i c h  meant t h a t  about 500 traces would 
be recorded i n  one d a y ' s  running t i m e .  

To reduce t h e  data  acqui red  i n  t h i s  method, t h e  
s i g n a l  ampli tude and du ra t ion  are read from t h e  photographs by 
means of a Telereader? 
cards by an IBM key punch machine which is used i n  con junc t ion  
w i t h  t h e  Te le reade r .  These cards, a long  w i t h  cards c a r r y i n g  
t h e  v a l u e s  of the other system v a r i a b l e s ,  are f ed  t o  a n  IEM-7094 
computer which performs the  c a l c u l a t i o n s .  The r e s u l t s  are 
r e t r i e v e d  from t h e  computer i n  p r i n t e d  form. Graphical  repre- 
s e n t a t i o n  of t y p i c a l  data analyzed i n  t h i s  manner is i l l u s t r a t e d  
i n  F i g .  2 .  

The informat ion  is punched o n t o  computer 

The method of data a n a l y s i s  described above, a l though 
cons ide rab ly  fas ter  than  manual data a c q u i s i t i o n  and a n a l y s i s ,  
still  l e a v e s  something t o  be desired.  Another system which 

a u t o m a t i c a l l y  d i s p l a y s  t h e  data i n  g raph ica l  form was used 

this system is a n  e l e c t r o n i c  X-Y p l o t t e r  w h i c h  had been developed 
under a n o t h e r  c o n t r a c t  (NAS3-57551, b u t  was a v a i l a b l e  f o r  u s e  on 
this program. 

I n  t h i s  system, each p a r t i c l e  is represented  by a 
p o i n t  on a two-dimensional d i s p l a y .  The displacement  of t h e  

po in t  a long  t h e  Y a x i s  is p ropor t iona l  t o  par t ic le  charge and 
t h e  displacement  i n  the X d i r e c t i o n  is p r o p o r t i o n a l  t o  t h e  
t r a n s i t  t i m e  through t h e  d e t e c t o r .  Each po in t  r e p r e s e n t s  a 
unique v e l o c i t y  and mass. S ince  each p a r t i c l e  is rep resen ted  
by a s i n g l e  p o i n t ,  i n  c o n t r a s t  t o  a r e c t a n g u l a r  pu l se  i n  the 
former method, a large number of data p o i n t s  can be p laced  on 
a s i n g l e  d i s p l a y  before confusion arises. As w i l l  be shown 

"Manufactured by Telecomputing Corpora t ion .  
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la te r ,  l i n e s  of cons t an t  r a d i u s  and v e l o c i t y  can be drawn on 
the  p l o t .  The l i n e s  form a number of i r r e g u l a r l y  shaped areas. 
Each of t h e  areas corresponds t o  a specific v e l o c i t y  and r a d i u s  
range. The r a d i u s  and v e l o c i t y  of each p a r t i c l e  can be 

determined t o  f a i r l y  good accuracy by s imply observ ing  i n t o  
which area t h e  po in t  f a l l s .  

A s i m p l i f i e d  block diagram of t h e  c i r c u i t  is shown 
i n  F i g .  3.' The pu l se  from t h e  particle detector is fed  t o  
three separate c i r c u i t s .  In  t h e  pu l se  stretcher, a pu l se  is 
genera ted  w i t h  t h e  same ampli tude a s  t h e  inpu t  pu l se ,  bu t  much 
longe r .  The stretched pulse  is a p p l i e d  t o  the  v e r t i c a l  ampli-  
f i e r  of an o s c i l l o s c o p e  and deflects the beam v e r t i c a l l y  by an 
amount e q u a l  t o  t h e  o r i g i n a l  pu l se  h e i g h t .  The oscil loscope 
sweep is t r i g g e r e d  when the  d e t e c t o r  pu l se  exceeds the th re sho ld  

imposed by t h e  d i s c r i m i n a t o r .  F i n a l l y ,  t h e  detector pu l se  is 
fed t o  a d i f f e r e n t i a t i n g  network. The r e s u l t i n g  nega t ive  sp ike ,  

which occur s  a t  t h e  t r a i l i n g  edge of the detector pu l se ,  is f e d  
t o  t h e  oscilloscope b r i g h t e n e r  pu l se  g e n e r a t o r .  T h i s  u n i t ,  i n  
t u r n ,  d e l i v e r s  a s h o r t  d u r a t i o n ,  r e c t a n g u l a r  v o l t a g e  pu l se  t o  
t h e  cathode of t h e  o s c i l l o s c o p e .  In ope ra t ion ,  t h e  beam 
i n t e n s i t y  c o n t r o l  of the  o s c i l l o s c o p e  is a d j u s t e d  so that  the 
trace is v i s i b l e  on ly  when t h e  b r i g h t e n i n g  pu l se  is xppl ied  t o  
t h e  cathode. S ince  b r i g h t e n i n g  occur s  a t  t h e  t r a i l i n g  edge of 
t h e  pu l se  and, a t  t h e  same t i m e ,  t h e  v e r t i c a l  displacement  is 
p r o p o r t i o n a l  t o  d e t e c t o r  pulse  h e i g h t ,  t h e  p o s i t i o n  of the 
b r igh tened  spot  g i v e s  t h e  d e s i r e d  in fo rma t ion .  

The ampli tude of a detector s i g n a l  (or t h e  d i s -  

placement of a po in t  a long  the Y a x i s  when u s i n g  t h e  X-Y 
p l o t t e r )  is given by 

-s - 
vo c 
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where Vo is t h e  s i g n a l  amplitude i n  v o l t s ,  q t h e  p a r t i c l e  
charge, C the capac i t ance  of the detector and G t h e  v o l t a g e  
g a i n  of t h e  p r e a m p l i f i e r .  
ampli tude i n  scale d i v i s i o n s  and Sv is the s e n s i t i v i t y  of the 

Def in ing  Vo = ySv, where y is the 

o s c i l l o s c o p e  i n  v o l t s / s c a l e  d i v i s i o n ,  

s c  
9 = Y (f) 

we get  

S i m i l a r l y ,  the d u r a t i o n  of t h e  s i g n a l  
the t r a n s i t  t i m e  T through a detector 
t h i s  we get  

a a v u - - ' -  
7 xss 

where x is the s i g n a l  length  i n  scale 

(or X displacement)  is 
of known l e n g t h  a .  From 

(3 1 

d i v i s i o n s  and S is t h e  
S 

sweep s e n s i t i v i t y  i n  seconds/scale  d i v i s i o n .  S u b s t i t u t i n g  
i n t o  the conse rva t ion  of energy  equa t ion  

2 
qv 

mv 
2 

- =  

where m is particle mass and V the 
rea r r ang ing ,  we g e t  

(4) 

a c c e l e r a t i n g  v o l t a g e ,  and 

For spherical p a r t i c l e s  of d e n s i t y  p, t h e  radius r is obtained 
from 
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For any given experiment,  t h e  q u a n t i t i e s  i n  brackets are con- 
s t a n t  and are known. Thus, vie can  write 

2 3 r 
K yx 
- P  (7) 

Given t h e  X and Y displacements  of a g iven  po in t  and s p e c i f y i n g  
a va lue  f o r  K, t h e  r a d i u s  of t h e  par t ic le  r ep resen ted  by t h e  

po in t  is determined uniquely.  Furthermore,  l i n e s  of equa l  
r a d i u s  can  be s p e c i f i e d  by p l o t t i n g  cu rves  of yx 2 = c o n s t a n t ,  

To avoid the problem of g e n e r a t i n g  and p l o t t i n g  new 
sets of cu rves  each t i m e  K is changed, w e  i n t roduce  two new 
q u a n t i t i e s ;  namely, R a parametric r a d i u s  and IC1 an a rb i t r a ry  
c o n s t a n t  such t h a t  

C h m s i n z  an a r b i t r a r v  value of I<, , and l e t t i n g  R take on d i f -  

f e r e n t  va lues ,  a f a m i l y  of e q u a l  R cu rves  may be p l o t t e d .  

From E q s .  (7) and ( S )  , we see t h a t  

.A 

The cu rves  genera ted  f o r  R are u n i v e r s a l .  
va lue  f o r  I< is determined, the  e q u a l  R cu rves  may be relabeled 
by u s e  of E q .  ( 9 ) .  

Once a specified 

T h i s  is i l l u s t r a t e d  i n  Fig.  4.  F i r s t ,  a set of 
e q u a l  R cu rves  w i t h  R taking v a l u e s  from 1 through 8 and f o r  
K1 = 5 were p lo t ted  on t h e  same graph. 
K 
The appropriate  labels  are shown i n  t h e  f i g u r e .  

For t h i s  run 
2.84 x lom2'. Us ing  Eq. (91, w e  get r - (0.178)R micron. 
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Figure 4 .  Example of P a r t i c l e  Parameter Ana lys i s  Using t h e  
X--Y P l g t t c r .  
from Ra = 5 x y2. 
f e r r e d  from a photographic record  of a t y p i c a l  run .  
The  a c t u a l  p a r t i c l e  r a d i u s  i n  microns represented  
by cach R curvc is noted a t  the lef t -hand terminus 
of cach R curvc.  

The Equal I3 Curves were generated 
The  d a t a  p o i n t s  were t r a n s -  
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I t  should be recognized, also, t h a t  the T a x i s  is 
p r o p o r t i o n a l  t o  reciprocal v e l o c i t y .  Thus, the v e l o c i t y  and 
r a d i u s  of a p a r t i c u l a r  particle can be determined t o  some degree 
of accuracy by i d s p e c t i o n .  The r a d i u s  of a p a r t i c u l a r  particle 

, 

can be determined more accurately by i n t e r p o l a t i o n  a long  a l i n e  
from t h e  o r i g i n  t o  t h e  p o i n t .  Such a l i n e  has  t h e  form y - Cx. 

x. Thus, measure- S u b s t i t u t i o n  i n t o  Eq. (7) y i e l d s  r = (CK) 1/3 

ment of t h e  s l o p e  C and t h e  x displacement  y i e l d s  r p r e c i s e l y .  

An oscilloscope g r a t i c u l e ,  w i t h  e q u a l  R curves  
etched on i t ,  was prepared, With t h i s ,  t h e  data may be read 
d i r e c t l y  from the photograph and t h e  n e c e s s i t y  of t r a n s p o s i n g  
data p o i n t s  is e l i m i n a t e d ,  

3. Target Bombardment Apparatus 

A block diagram of the target bombardment system is 
shown i n  F i g .  5. The target sample is located w i t h i n  a target 
chamber a t  t h e  end  of t h e  a c c e l e r a t o r  d r i f t  t u b e .  The chamber 
is mounted on a portable vacuum s y s t e m  which allows rapid 

coup l ing  and de-coupling of t h e  experiment from the accelerator. 
The a u x i l i a r y  vacuum system a l s o  provides  a better vacuum, 
which reduces  the l i k e l i h o o d  of contaminat ion of t h e  sample 
s u r f  ace. 

Particles from t h e  accelerator first pass  through a 
magnetic d e f l e c t i o n  system ( n o t  shown on t h e  diagram). 
f u n c t i o n  of t h e  magnetic f i e l d  is t o  deflect i o n s  from t h e  par- 
t i c l e  beam i n  order t o  minimize t h e  effects  of ion  bombardment 
on the  sample s u r f a c e .  The magnetic f i e l d  does no t  a l t e r  t h e  
particle t r a j e c t o r y  s i g n i f i c a n t l y  because of t h e  r e l a t i v e l y  l o w  
q / m  of t h e  particles.  

The 

The undef lec ted  particles pass through a p o s i t i o n  
i n d i c a t i n g  par t ic le  detector which is used p r i m a r i l y  f o r  
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focus ing  and alignment purposes.  The p a r t i c l e s  then  pass  a long  
t h e  a x i s  of a second d e t e c t o r  and impact upon t h e  target s u r -  
face. S i g n a l s  from t h e  second detector are processed t o  o b t a i n  
p a r t i c l e  parameters  and t o  record t h e  number of impacts. 

Since t h e  par t ic les  used i n  these experiments  are 
small, a large number of impacts p e r  u n i t  area is r equ i r ed  t o  
i n f l i c t  a s i g n i f i c a n t  amount of damage. Theref ore, target 
geometry must be chosen so  as  t o  minimize t h e  bombardment t i m e  
r equ i r ed ,  and, a t  t h e  same t i m e ,  t h e  geometry must be compatible 
w i t h  the measurement of e m i s s i v i t y .  The t a r g e t  area chosen was 
a 3 mm by 15m s t r i p  on the s u r f a c e  of a 22 mn diameter disc .  

The c e n t e r  l i n e  w a s  displaced 3 mm from a diameter of t h e  disc. 

The s t r i p  geometry w a s  obtained by moving t h e  target i n  a p lane  
pe rpend icu la r  t o  the d i r e c t i o n  of t h e  particle beam. A t  t h e  

beginning,  on ly  h o r i z o n t a l  motion vias used and t h e  beam w a s  
defocused t o  3 mm diameter. T h i s  w a s  found t o  g i v e  non-uniform 
crater coverage.  Later, v e r t i c a l  scanning  was added and used 
i n  conjunct ion  w i t h  a s h a r p l y  focused beam. The h o r i z o n t a l  
motion was supp l i ed  by a motor-driven, spr ing-loaded cam which 

was machined t o  g i v e  cons tan t  s can  v e l o c i t y  a c r o s s  t h e  beam. 
Vertical motion was imparted t o  t h e  target by a cam which w a s  
d r i v e n  from t h e  same shaf t .  In t h e  f i n a l  v e r s i o n ,  t h e  target 
was moved v e r t i c a l l y  i n  e i g h t  discrete steps.  Scanning was 
c y c l i c a l  i n  bo th  d i r e c t i o n s  w i t h  the  e n t i r e  target area b e i n g  
scanned every  e i g h t  minutes.  

Photographs of t h e  appa ra tus  are shown i n  Figs.  6, 
7 ,  and 8. F igu re  6 is an  o v e r - a l l  view of t h e  l a b o r a t o r y .  The 
target chamber, which is a t  t h e  c e n t e r  of t h e  p i c t u r e ,  is 
located a t  t h e  end of the  a c c e l e r a t o r  d r i f t  t ube .  The d r i f t  

t u b e  can be seen  benea th  t h e  pumping l i n e  running from t h e  
target chamber t o  t h e  vacuum sys t em.  The monitor o s c i l l o s c o p e  
is a t  t h e  r i g h t  w i t h  t h e  Van de Graaff c o n t r o l  console  behind i t .  
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R e l a y  racks con ta in ing  the X-Y p l o t t e r ,  coun te r s ,  and o t h e r  
appa ra tus  are i n  the  background. 

A close-up view of t he  target chamber is shown i n  
F i g .  7. The vacuum pumping l i n e  is coupled t o  t h e  chamber by a 

bel lows which a l lows  a l imi ted  degree of v e r t i c a l  motion f o r  
alignment purposes.  
t r o l s  are t o  t h e  l e f t  of t h e  bel lows.  

The t a r g e t  d r i v e  motor, d r i v e  shaft ,  and con- 

F igure  8 shows t h e  target chamber w i t h  t h e  back 
cover  removed. The end of the  particle d e t e c t o r  can be seen  
immediately i n  f r o n t  of t h e  r e c t a n g u l a r  target ho lde r ,  The tar-  
get is a f f i x e d  t o  t h e  oppos i te  side of the target support  s t r u c -  
t u r e  which, i n  t u r n ,  is fa s t ened  t o  t h e  h o r i z o n t a l  d r i v e  rod .  
The d r i v e  rod is spring-loaded a g a i n s t  t h e  nylon cam a t  t h e  l e f t .  
The v e r t i c a l  s t epp ing  cam, located beneath t h e  target holder ,  is 
d r i v e n  by t h e  r i g h t  angle  gears a t  t h e  l e f t .  The d e t e c t o r  pre- 
ampl i f i e r  is fa s t ened  t o  t h e  i n s i d e  t o p  of t h e  chamber. 

PI. Radiat ion Measurement Phase 

A brief d i scuss ion  of t h e  equipment and techniques  used 
i n  t h e  measurement of o p t i c a l  properties is given below. 

The samples are circular discs, 22 mm i n  diameter and 
1 .5  mm t h i c k .  The area of bombardment is a rectangle approxi-  
mately 12 x 3 mm, t h e  long dimension of which is parallel  t o ,  
and displaced by 3 mm from a diameter. 
which are used t o  measure the  r e f l e c t a n c e  of t h e  samples, are 
a d j u s t e d  so  t h a t  t h i s  o f f - c e n t e r  area is measured. The sample 
can  be rotated 180° i n  t h e  sample holder ,  and the unbombarded 
area is a v a i l a b l e  f o r  measurement. Three r e f l e c t a n c e  measure- 
ments are made: 

The o p t i c a l  ins t ruments ,  

1. The reflectance be fo re  the  sample is put i n  t h e  
bombardment chamber. 
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2 .  The r e f l e c t a n c e  of t h e  bombarded sample area. 

3. The r e f l e c t a n c e  of an  area of t h e  sample a d j a c e n t  
t o  t h e  damaged area, i . e . ,  exposed t o  t h e  envi ron-  
ment. 

The comparison of 1 and 3 a l lows  t h e  de t e rmina t ion  of effects 
of handl ing on t h e  sample. 

Two a b s o l u t e  r e f l e c t a n c e  measuring in s t rumen t s  are 
a v a i l a b l e  f o r  t h e  above measurements. The Gier-Dunkle 
I n t e g r a t i n g  Sphere Absolute Ref lec tometer  (F ig .  9) measures 
r e f l e c t a n c e  from 0.3 t o  3 microns. The i n t e g r a t i n g  sphere i n  
t h e  Gier-Dunkle Reflectometer is based upon t h e  des ign  of 
Edwards, e t  a13 
f e a t u r e s  which allow measurement of t h e  un i fo rmi ty  of t h e  

sphere coa t ing ,  and hence, a v e r i f i c a t i o n  of the accuracy of 
t h e  measurements. The model of t h e  reflectometer which was 
used f o r  t h e  measurement of micrometeoroid bombarded samples 
d i f f e r e d  s l i g h t l y  from t h a t  shown i n  F i g .  5 of Reference 3. 

The Gier-Dunkle ins t rument  has  b u i l t - i n  

The source  and detector assemblies are in te rchanged  and t h e  

monochromator is i n t e r n a l l y  chopped. The opt ica l  system allows 
the  sample o r  t h e  w a l l  t o  be irradiated as  desired without  t h e  
n e c e s s i t y  of r o t a t i n g  o r  t r a n s l a t i n g  t h e  sphere .  No a c t u a l  
m o d i f i c a t i o n  w a s  made i n  t h e  o p t i c a l  system i n  o r d e r  t o  measure 
t h e  micrometeoroid bombarded samples.  The slit w a s  focused 
e x a c t l y  a t  t h e  bombarded area of the sample and was kept  con- 
s t a n t  a t  1 . 0  m i l l i m e t e r .  The long wavelength (2 t o  25 microns) 
spectral r eg ion  r e f l e c t a n c e  is  measured w i t h  a Gier-Dunkle 
Heated Cavi ty  Absolute  Reflectometer4 (F ig .  10).  F igu re  2 of 
Reference 4 shows t h e  schematic diagram of t h e  r e f l e c t o m e t e r .  
A t  t h e  po in t  labeled SLIT, a narrow slit w a s  in t roduced  and 
o r i e n t e d  s o  as t o  restrict the r a d i a t i o n  i n c i d e n t  on t h e  

monochromator e n t r a n c e  slit t o  t ha t  o r i g i n a t i n g  from t h e  bom- 
barded area of t h e  sample.  T h i s  does not  a l t e r  apprec iab ly  t h e  

s o l i d  ang le  w i t h i n  which t h e  sample is viewed by t h e  monochroma- 
t o r .  
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Both of these ins t ruments  measure d i r e c t i o n a l  s p e c t r a l  
r e f l e c t a n c e ?  
normal emi t t ance  ( a t  ambient  t empera ture)  can be computed. By 
making c e r t a i n  assumptions: a correction can be c a l c u l a t e d  
which provides  t h e  hemispherical emi t t ance  as  a f u n c t i o n  of t h e  
normal emittance. Experimental  data showing t h e  r e l a t i o n  of 
normal-to-hemispherical  emi t tance  are q u i t e  l i m i t e d .  As t h e  

data i n  R e f .  6 show, t h i s  theoretical correction does  not  

By s u i t a b l e  i n t e g r a t i o n ,  s o l a r  absorp tance  and 

apply  very c l o s e l y  t o  some materials, p a r t i c u l a r l y  roughened 
metals. One method which w i l l  y i e l d  a more v a l i d  c o r r e c t i o n  
for t h e  normal-to-hemispherical emi t t ance  is t h e  measurement 

7 of the  r e f l e c t a n c e  d i s t r i b u t i o n  f u n c t i o n .  

The s p e c u l a r  r e f l e c t a n c e  measurements were made on t h e  

STL Goniometric B i - d i r e c t i o n a l  Reflectometer (F ig .  11). In  
t h i s  dev ice ,  the  sample c a n  be irradiated a t  any p o l a r  a n g l e  
between zero and approximately 80 degrees; t h e  azimuthal  ang le  
is u n r e s t r i c t e d  between 0 and 360 degrees. The detector of t he  
reflected energy may be posit ioned a t  any ang le  measured from 
t h e  sample normal from ze ro  t o  approximately 80 degrees 
(excluding i n t e r f e r e n c e  w i t h  t h e  i n c i d e n t  energy) . 
the  normal t o  t h e  sample may be t i l t e d  o u t  of t h e  plane con- 
t a i n i n g  t h e  i r r a d i a t i o n  and detector beams. These f o u r  degrees 
of freedom permit t h e  angle  of inc idence  and r e f l e c t a n c e  t o  be 
v a r i e d  w i t h  only  l i m i t e d  c o n s t r a i n t s  upon t h e  azimuthal  and 
p o l a r  a n g l e s .  I n  practice, t h e  sample image size ( i n c i d e n t  
energy) de te rmines  these l i m i t s .  The s p e c u l a r  r e f l e c t a n c e  is 
measured by s e t t i n g  t h e  angle  of t h e  d e t e c t o r  equa l  t o  t h e  
a n g l e  of i r r ad ia t ion  but on t h e  oppos i t e  side of t h e  normal t o  
the  sample. 

s c h e m a t i c a l l y  i n  F i g .  12.  The monochromator and source  assembly 
is a Perkin-Elmer Model 12C spectrometer. 
from t h e  spec t romete r  is c o l l e c t e d  from t h e  e x i t  slit by 

I n  a d d i t i o n ,  

The Goniometric B i - d i r e c t i o n a l  Reflectometer is shown 

The dispersed energy 
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M4 
NORMAL TO SURFACE 

100% POSITION 
PERKIN-ELMER MODEL 12C 

M1 , M5 SPHERICAL MIRRORS 300 mm.f .I. 
M2, M3, M4 FLAT MIRRORS 

SOURCE DETECTOR 

WHEN A+= 180' , io= 8 AND P 0 = 8' 

F i z u r c  12 .  Sclicnintic Diagram of t h e  Goniometric B i - d i r e c t i o n a l  
Reflcctonictcr . 
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mirror M 1 .  The first image of t h e  e x i t  slit occurs  n e a r  M3. 
A mask is introduced i n t o  t h e  beam a t  t h i s  p o i n t  t o  c o n t r o l  t h e  
size of t h e  f i n a l  image on t h e  sample. The first image is re- 
imaged by spherical  mirror  M 5  o n t o  t h e  sample. I n  order  t o  
o b t a i n  t h e  hundred percent  r e f e r e n c e ,  t h e  sample is removed 
from t h e  op t i ca l  pa th  and t h e  r a d i a t i o n  is i n c i d e n t  on the 
detector-mirror assembly. The sample is in t e rposed  i n  the 
opt ical  p a t h  as shown and t h e  detector assembly rotated about  
the  sample i n  order  t o  i n t e r c e p t  t h e  s p e c u l a r  r e f l e c t i o n  from 
t h e  sample. The sample may be t r a n s l a t e d  i n  t h e  h o l d e r  so 
t h a t  e i ther  t h e  bombarded o r  unbombarded area is irradiated.  
The i r r a d i a t i n g  beam subtended a s o l i d  ang le  of 0 .01  stera- 
d i a n  a t  t h e  sample .  The detector mir ror  subtends  a so l id  

ang le  of 0 . 1  s t e r a d i a n  a t  t h e  sample. 

I n  o p e r a t i o n ,  t h e  i n c i d e n t  r e f e r e n c e  energy is obta ined  
by s e t t i n g  t h e  i n c i d e n t  beam and detector beam 180 degrees 
apart  and removing t h e  s a m p l e  from t h e  o p t i c a l  pa th .  The 
d e t e c t o r  is t h e n  pos i t i oned  a t  t h e  desired ang le  of r e f l e c t i o n .  
For t h e  measurements reported h e r e i n ,  t h i s  ang le  w a s  15 degrees 
from t h e  normal and the  sample w a s  placed a t  z e r o  t i l t  t o  t h e  
i n c i d e n t  energy.  The r e f l e c t a n c e  of t h e  bombarded and unbom- 
barded areas w a s  measured i n  t h i s  manner. Fo r  a p e r f e c t l y  
s p e c u l a r  s u r f a c e ,  t h e  value of r e f l e c t a n c e  by t h i s  ins t rument  
should be t h e  same as t h e  d i r e c t i o n a l  reflectance measured w i t h  
e i ther  an  i n t e g r a t i n g  sphere or heated c a v i t y  reflectometer. 
The s c a t t e r i n g  ( d i f f u s i n g )  effects  of t h e  micrometeor i te  
roughening would be ind ica t ed  by a'decrease i n  t h e  va lue  of t h e  

s p e c u l a r  r e f l e c t a n c e .  Fo r  t h e  tests repor t ed  , t h e  samples were 
measured a t  each micron increment from 2 t o  1 5  microns.  

A l l  of the  ins t ruments  described above are designed f o r  
measurements w i t h  sample areas of approximately 22 mm i n  
diameter. I n  order t o  measure t h e  r e f l e c t a n c e s  of t h e  micro- 
meteoroid bombarded samples ,  c e r t a i n  mod i f i ca t ions  have had t o  
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be made t o  accommodate t h e  small area of damage (3 x 12 mm).  
The mod i f i ca t ion  r equ i r ed  f o r  t h e  Gier-Dunkle Heated Cavi ty  has 

been the  i n t r o d u c t i o n  of a l i m i t i n g  a p e r t u r e  a t  t h e  f i r s t  image 
of t h e  monochromator en t r ance  slit .  T h i s  decreases t h e  energy 
a v a i l a b l e  f o r  t h e  measurements, and hence, t h e  usab le  wavelength 
r eg ion  is reduced t o  20 microns.  The o p e r a t i o n  of t h e  
Gier-Dunkle I n t e g r a t i n g  Sphere Absolute  Reflectometer is modi- 

f i e d  by main ta in ing  a slit opening i n  t h e  monochromator of one 
millimeter. T h i s  does not  a f f e c t  t h e  measurements below 2 
microns.  

C .  Targe t  Damage Assessment 

A s  mentioned above, t h e  damage i n f l i c t e d  upon t h e  target 
s u r f a c e  w a s  s p e c i f i e d  i n  terms of the  f r a c t i o n  of t o t a l  target 
area covered by craters. The s u r f a c e s  of selected samples 
were photographed u s i n g  a h i g h  power me ta l log raph ic  microscope. 
The magn i f i ca t ion  w a s  e i t h e r  500X o r  l O O O X ,  depending upon t h e  
sample material. The s u r f a c e  w a s  photographed a t  t e n  o r  twenty 
randomly selected areas t o  minimize t h e  i n f l u e n c e  of local 
aon-uniform coverage. Typica l  photographs are shown i n  F i g s .  
13 through 15. F igu re  13 shows two d i f f e r e n t  gold t a r g e t s  
a f t e r  bombardment by 100,000 and 400,000 p a r t i c l e s ,  r e s p e c t i v e l y .  
F i g u r e  14 shows photographs of t w o  s t a i n l e s s  s teel  t a r g e t s  
af ter  bombardment by 300,000 and 600,000 p a r t i c l e s .  S i m i l a r  
photos  f o r  vacuum depos i ted  aluminum are shown i n  F i g .  15. 

Crater diameters ( inc lud ing  t h e  l i p )  were measured from 
t h e  photographs us ing  the  Telereader and p l o t t e d  i n  histogram 
form, as i l l u s t r a t e d  i n  F igs .  16 and 17. The crater  area p e r  
i n t e r v a l  was c a l c u l a t e d  us ing  t h e  mean diameter f o r  each 
i n t e r v a l ,  The area covered by craters w a s  ob ta ined  by summing 
o v e r  a l l  of t h e  i n t e r v a l s .  S ince  t h e  t a r g e t  area rep resen ted  
by t h e  photographs is known, t h e  f r a c t i o n a l  area covered by 
craters is determined. 
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F i g u r e  13. Photographs of Gold T a r g e t s .  The upper  and lower 
photographs were taken  a f t e r  bombardment by 100,000 
and 400,000 impacts, r e s p e c t i v e l y .  Magni f ica t ion  
is 5OOX i n  both c a s e s .  
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Figure  14. Photographs of Two S t a i n l e s s  S t e e l  T a r g e t s  A f t e r  
Bombardment by 300,000 P a r t i c l e s  (upper) and 
600,000 P a r t i c l e s  ( lower ) .  Magni f ica t ion  is 1OOOX.  
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F i g u r e  15. Photographs of Vacuum Deposited Aluminum a f t e r  
P a r t i c l e  Bombardment. The upper photo fol lowed bom- 
bardment by 300,000 p a r t i c l e s  while  t h e  lower w a s  
taken a f t e r  600,000 impacts .  Magni f ica t ion  is 1OOOX.  
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- F i g r e  16. Iliatogrztm of Crater Diameters f o r  a Gold Target. 
(Samplc 4 7 4 4 )  
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Figure 17.  Histogram of Crater Diametcrs for  a 
Stainless  S tec l  Target (Sample 51-64). 
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I m p l i c i t  i n  t h e  preceding paragraph is t h e  fact  t h a t  
t a r g e t  damage is determined by s t a t i s t i c a l  techniques .  E f f o r t s  
were made t o  o b t a i n  samples on a sound basis and i t  is f e l t  
t h a t  the  estimates are adequate .  
t o  a l l  t a r g e t s .  Seve ra l  gold and s t a i n l e s s  steel  targets were 
analyzed and coverage f o r  o t h e r  targets of t h e  same materials 
were estimated from t h e  measured va lues .  Less a c c u r a t e  measure- 
ments of crater diameters a r e  ob ta ined  f o r  t h e  smaller craters 
s i n c e  t he i r  diameters are near t h e  r e s o l u t i o n  l i m i t  of t h e  
equipment. T h i s  is i l l u s t r a t e d  i n  F i g .  17  which is a c r a t e r  
size histogram f o r  a s t a i n l e s s  s tee l  t a r g e t .  
number of craters i n  t h e  0 t o  2 micron range.  
area per  crater i n  t h i s  range is q u i t e  s m a l l  and errors i n  
measurement do not  s i g n i f i c a n t l y  effect t h e  c a l c u l a t e d  cover- 
age. 

T h i s  procedure was no t  a p p l i e d  

There are a large 
However, t h e  

The vacuum depos i ted  aluminum ta rge ts  were not  eva lua ted  
i n  t h e  same manner because of t h e  p e c u l i a r  n a t u r e  of t h e  
craters.  For  some craters, p e n e t r a t i o n  i n t o  t h e  r e s i n  s u b s t a t e  
is a p p a r e n t  wh i l e  f o r  o t h e r s  t h i s  is not  t h e  case (see F i g .  15).  
S ince  p e n e t r a t i o n  i n t o  t h e  r e s i n  r e v e a l s  material of a markedly 
d i f f e r e n t  e m i s s i v i t y ,  it was f e l t  t h a t  a s imple area specifica- 
t i o n  w a s  n o t  meaningful.  Accordingly,  t h e  damage f o r  t h e  
vacuum depos i t ed  aluminum targets  is specified on ly  i n  terms 
of t h e  number of particle impacts. Furthermore,  there is 
reason  t o  b e l i e v e  t h a t  t h e  craters i n  r e s i n  are not hemi- 

s p h e r i c a l .  In s t ead ,  t hey  are l i k e l y  t o  be r e l a t i v e l y  deep and 
narrow as  has  been observed f o r  p las t ic  targets  by numerous 
expe r imen te r s .  

t 
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I I I. EXPERIMENTAL RESULTS 

A .  Em iss i v  it y Me a s  ure m e  n t s 

The changes i n  emit tance f o r  a temperature  of 25OC 

a r e  t a b u l a t e d  i n  Table I f o r  t h e  va r ious  samples;  t h e  c o r r e s -  
ponding s p e c t r a l  r e f l e c t a n c e  curves  a r e  g iven  i n  F igs .  18 
through 23. The primary ma te r i a l s  s t u d i e d  were gold  p l a t e d  
aluminum, type 304 s t a i n l e s s  s tee l  and vacuum depos i t ed  a l u -  
minum on a r e s i n  coa t ing  over aluminum. The d i f f e r e n c e  be- 
tween t h e  damage t o  t h e s e  three s u r f a c e s  is very n o t i c e a b l e .  
The percentage inc rease  i n  emit tance ( A € / € )  is g r e a t e s t  w i th  
t h e  gold  p l a t e d  samples;  the s t a i n l e s s  s t ee l  had the l e a s t  
change. For 100,000 *impacts, t h e  vacuum depos i ted  aluminum on 
a r e s i n  coa t ing  e x h i b i t e d  a g r e a t e r  r e s i s t a n c e  t o  micrometeoroid 
roughening than  e i ther  t h e  gold  o r  s t a i n l e s s  s tee l .  The d a t a  
f o r  t h i s  m a t e r i a l  a f t e r  100,000 impacts is not  included s i n c e  
there a r e  v i r t u a l l y  nochanges exceeding t h e  experimental  error. 
However, a s  t h e  exposure was increased ,  t h e  change i n  emit tance 
(A€) f o r  t h i s  m a t e r i a l  became more near ly  equal  t o  t h a t  of t h e  
gold and t h e  s t a i n l e s s  s t e e l .  A cause f o r  t h i s  r e s i s t a n c e  a t  
t h e  lower number of impacts may be hypothesized i n  terms of 
the  r e s i l i e n c e  of t h e  r e s i n .  A f t e r  cont inued bombardment, the  
lower emit tance r e s i n  probably became exposed s u f f i c i e n t l y  t o  
change the emit tance.  This  was observable  t o  a c e r t a i n  degree 
under the microscope. 

The s t a i n l e s s  s tee l  m a t e r i a l  e x h i b i t e d  less  emit tance 
change than  the gold  f o r  a l a r g e r  number of impacts.  This is 
a t t r i b u t a b l e  t o  the  d i f f e r e n c e s  i n  t h e  phys ica l  p r o p e r t i e s  in-  
f l uenc ing  hyperve loc i ty  damage i n  t h e  two m a t e r i a l s .  Tie a r e a l  
damage per  p a r t i c l e  is a measure of t h e  average c r a t e r  s ize  per 
p a r t i c l e .  Hence, t h e  smal le r  damage e x h i b i t e d  by t h e  s t a i n l e s s  
s tee l  is c o n s i s t e n t  with the sma l l e r  emi t tance  change. 
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Figure  18. S p e c t r a l  Reflectance of a Gold Sample Before and 
A f t e r  P a r t i c l e  Bombardment. 
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Figure  19. S p e c t r a l  Reflectance of a Gold Sample Before and 
A f t e r  P a r t i c l e  Bombardment. The bombardment w a s  
done i n  two s t e p s  as  shown. 
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Figure  20.  Spec tra l  Reflectance of a 304 S t a i n l e s s  S t e e l  Samplc 
I3ef orc  and A f  t c r  Part i c l o  Bombardment. 
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Figure  21. S p e c t r a l  Reflectance of a 304 S t a i n l e s s  Steel Sample 
Before and Af te r  P a r t i c l e  Bombardment. 
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a Figure 22.  S p e c t r a l  Ref lectance  of a Vacuum Deposited Aluminum 
Sample Before and After P a r t i c l e  Bombardment. 
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Figure 23.  Spec tra l  Ref lectance  of a Vacuum Deposited Aluminum 
Sample Before and After P a r t i c l e  Bombardment. 
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a 
Cadmium p l a t e d  aluminum and t i n  p l a t e d  aluminum 

were o r i g i n a l l y  s e l e c t e d  a s  sample m a t e r i a l s .  These m a t e r i a l s  
were chosen t o  o b t a i n  a wider range of t h e  phys i ca l  p r o p e r t i e s  
p e r t i n e n t  t o  hyperve loc i ty  damage. Unfortunately,  o p t i c a l  
measurements made with these  s u r f a c e s  were no t  found t o  be 
c o n s i s t e n t .  This is bel ieved t o  be a r e s u l t  of t h e  r ead iness  
with which these  s u r f a c e s  formed oxides t h a t  were important  
o p t i c a l l y ,  i .e . ,  un l ike  aluminum. P a r t  of t h e  incons is tency  
was be l ieved  t o  be t h e  r e s u l t  of exposing "fresh" m a t e r i a l  
dur ing  t h e  bombardment process .  This exposed m a t e r i a l  de- 
veloped an  oxide coa t ing  d i f f e r i n g  i n  age from t h e  r e fe rence  
a r e a  of t h e  sample. 

The use of a re ference  a r e a  on t h e  sample proved t o  
be q u i t e  important.  Because of handl ing dur ing  t h e  bombardment 
and o p t i c a l  measurement, t h e  thermal  r a d i a t i o n  p r o p e r t i e s  of 

. t h e  sample may become a l t e r e d .  Since t h e  changes t h a t  a r e  being 
measured a r e  o f t e n  of t h e  order  of 1 t o  2 percent ,  environmental  
e f f e c t s  can mask t h e  r e s u l t s  of bombardment. The c i r c l e d  p o i n t s  
i n  F ig .  2 2  i l l u s t r a t e  such sma l l  e f f e c t s .  

The p resen ta t ion  of t h e  d a t a  i n  t e r m s  of s p e c t r a l  re- 
f l e c t a n c e  should not  obscure t h e  magnitudes of t h e  changes i n  
emi t tance  o r  absorptance.  The i n t e g r a t e d  p r o p e r t i e s  f o r  t h e  
va r ious  curves a r e  summarized i n  Table 1. Metal s u r f a c e s  a r e  
p r imar i ly  used i n  space vehic le  thermal  c o n t r o l  t o  minimize  
h e a t  l o s t  by emission.  I f ,  a s  i n  s e v e r a l  c a s e s  given i n  Table I, 
t h e  emit tance i n c r e a s e s  by a f a c t o r  of 2,  t h e  intended purpose 
may be voided. The increase  i n  s o l a r  absorptance noted f o r  a l l  
samples may p a r t i a l l y  o f f s e t  t h e  emit tance change i n  c e r t a i n  
thermal  c o n t r o l  a p p l i c a t i o n s .  Fu r the r  g e n e r a l i z a t i o n s  r e l a t i v e  
t o  t h e  e f f e c t  of micrometeoroid bombardment ( r e a l  o r  s imula ted)  
are not  p o s s i b l e .  Only f o r  s p e c i f i c  thermal  c o n t r o l  a p p l i c a t i o n s  
can  v a l i d  q u a l i t a t i v e  or q u a n t i t a t i v e  conclus ions  be reached re l -  

ative 1 t o  t h e  e f f e c t  of t h e  bombardment. 
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B. Specu la r  Ref lec tance  Measurements 

The s imula ted  micrometeorite bombardment r e s u l t s  i n  
a roughening of t h e  sample s u r f a c e .  In  a d d i t i o n  t o  changing 
t h e  va lue  of the d i r e c t i o n a l  spectral r e f l e c t a n c e  (or emi t t ance )  
of t h e  s u r f a c e ,  t h i s  roughening w i l l  modify t h e  geometrical 
d i s t r i b u t i o n  of t h e  r e f l e c t e d  (or emitted) energy.  The 
materials s t u d i e d  were, for  p r a c t i c a l  purposes,  s p e c u l a r  re- 
f lectors  and a measure of t h e  geometrical change is t h e  change 
i n  the s p e c u l a r  r e f l e c t a n c e .  The measured effects upon specu- 
l a r i t y  are summarized i n  Table I1 fo r  t h e  most h e a v i l y  bom- 
barded samples. 

The most obvious effect of the bombardment is the 
large decrease i n  t h e  s p e c u l a r i t y  of t h e  s u r f a c e s  a t  wave- 
l e n g t h s  less than  8 microns .  
changes w i l l  have no effect  upon the geometrical d i s t r i b u t i o n  
of t h e  emit ted energy;  and the effect would be n e g l i g i b l e  up 
t o  tempera tures  of 200-300°C. The effect upon solar  absorp- 
t a n c e  w i l l  be much g r e a t e r ,  however. Unfor tuna te ly ,  t h e  

necessa ry  data were not obtained fo r  these changes a t  wave- 
l e n g t h s  less than  2 microns, b u t  it is safe t o  assume t h a t  the 
i n d i c a t e d  t r e n d  w i t h  wavelengths w i l l  con t inue .  Thus, t h e  

solar absorp tance  can be expected t o  become less s p e c u l a r .  
Note, however, t h e  va lue  of the d i r e c t i o n a l  solar absorp tance  
is n o t  altered t o  t h e  same degree (Table I ) .  The r e s u l t s  given 
i n  Tables I and I1 i n d i c a t e  t h e  short  wavelength r e f l e c t a n c e  
of t h e  samples has become more "d i f fuse"  b u t  not  s i g n i f i c a n t l y  
less r e f l e c t i v e .  In c e r t a i n  a p p l i c a t i o n s ,  t h i s  change w i l l  
r e q u i r e  c o n s i d e r a t i o n  of both d i f f u s e  and s p e c u l a r  p roper t ies  
i n  t h e  solar region and t h e  s p e c u l a r  p r o p e r t i e s  i n  the i n f r a r e d .  
Thermal a n a l y s i s  of c r i t i c a l  solar  i r radiated components may 
become q u i t e  d i f f i c u l t  under these c o n d i t i o n s ,  

For a temperature  of 25OC, these 
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TABLE 11 
EFFECT OF SIMULATED MICROMETEORITE BOMBARDMENT 

UPON THE SPECULAR REFLECTANCE 

SPECULAR REFLECTANCE OF BOMBARDED AREA 
DIVIDED BY SPECULAR REFLECTANCE OF UNBOMBARDED AREA 

( 0  = 150) 

Yave lengt h 
Microns 

2.0 

2.95 
4.0 

5.0 
6.0 
7.0 
7.8 
9.0 
9.8 

11.0 
12.0 
13.0 
14.0 
15.0 
16.0 
17.0 
18.0 
19.0 
20.0 
21.0 

Gold 

400,000 Impacts 
47-64 

.71 

.75 

.80 

.85 

.83 

.90 

.93 

.98 

.99 
1.00 
1.00 
1.00 
1.00 

1.00 

1.00 

1.00 

Stainless  Steel  

600,000 Impacts 
94-64 

.70 

.76 

.78 

.87 

.93 
1.00 

98 
1.00 
1.00 
1.00 
1.00 
1.00 

1.00 

1.00 

1.00 

1,oo 

Vacuum Deposited 
A 1 um inum 

600,000 Impacts 
105-64 

.87 

.86 

.87 

.90 

.90 

.93 

.96 
1.00 
1.00 
1.00 
1-00  
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
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C. Hypervelocity Cra t e r ing  

Although no t  of primary concern i n  t h i s  program, it 
is p o s s i b l e  t o  o b t a i n  some informat ion  on hyperve loc i ty  c r a t e r -  
i n g  from the  t e s t  r e s u l t s .  The d i s t r i b u t i o n s  of c r a t e r  sizes 
are known f o r  m o s t  of t h e  t a r g e t s  as  w e l l  a s  t h e  d i s t r i b u t i o n s  
of p a r t i c l e  parameters.  I n  p r i n c i p l e ,  t h e s e  d i s t r i b u t i o n s  
could  be matched by t h e  correct choice  of t h e  va lues  of v a r i -  
ables i n  a s u i t a b l e  hyperve loc i ty  p e n e t r a t i o n  formula t ion .  
Unfortunately,  t h i s  is a f a i r l y  complex t a s k  and no a t tempt  
was made t o  implement it during t h i s  program. However, i f  one 
assumes t h a t  t h e  depth  of p e n e t r a t i o n  is more s t r o n g l y  de- 

pendent on p a r t i c l e  s ize  than on v e l o c i t y ,  c e r t a i n  informat ion  
can  be obta ined  by in spec t ion .  For example, Fig.  24 is a 
his togram of p a r t i c l e  r a d i i  ob ta ined  us ing  t h e  X-Y p l o t t e r .  
F igu re  16, above, is a histogram of c ra te r  diameters which 
w a s  ob ta ined  f r o m  a go ld  t a r g e t  bombarded by p a r t i c l e s  wi th  
a size d i s t r i b u t i o n  a s  shown i n  F ig .  24. I t  is f a i r l y  s a f e  t o  
assume t h a t  t h e  average c r a t e r  was produced by the  average 
p a r t i c l e .  T h i s  imp l i e s  t h a t  t h e  c ra te r  d iameter  t o  p a r t i c l e  
d iameter  r a t i o  is about 3 . 5  f o r  a go ld  t a r g e t  a t  about 5 km/ 

sec. S imi l a r  estimates for a s t a i n l e s s  steel  t a r g e t  gives 
a va lue  of t w o  or less.  

Although t h e s e  measurements a r e  by no means de- 
f i n i t i v e ,  t h e  va lues  were used  f o r  e x t r a p o l a t i o n  purposes i n  
t h e  fo l lowing  s e c t i o n .  I t  is f e l t  t h a t  t h i s  technique,  wi th  
c e r t a i n  re f inements ,  could provide va luab le  informat ion  on 
hype rve loc i ty  c r a t e r i n g  by smal l  p a r t i c l e s .  

For t r u e  hyperve loc i ty  impact,  t h e  c ra . t e r ing  p rocess  
is r e l a t i v e l y  i n s e n s i t i v e  to p a r t i c l e  shape provid ing  t h e  par- 
t i c l c s  arc not long c y l i n d e r s  o r  rods. A s  suggested ear l ie r ,  
the p a r t i c l c s  uscd i n  this work arc assumed t o  be s p h e r i c a l  and 
a l l  c a l c u l a t i o n s  have hecn  bascd on this assumption. Evidcnce 
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f o r  t h i s  assumption is i l l u s t r a t e d  i n  F i g .  25  which is a n  
e l e c t r o n  micrograph (magnif icat ion 30,OOOX) of some of t h e  i r o n  
particles. Departure  from spher ic i ty  is obviously q u i t e  s m a l l .  
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F i g u r e  25. E l e c t r o n  M i c r o g r a p h  of the Iron Particles. 
( M a g n i f i c a t i o n  30,OOOX). The scale d i v i s i o n s  
c o r r e s p o n d  t o  one micron. 
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I V .  DISCUSSION OF RESULTS 

I t  is not  ev ident  from t h e  r e s u l t s  p resented  above 
t h a t  micrometeoroid bombardment of thermal  c o n t r o l  s u r f a c e s  
p r e s e n t s  a major hazard.  
t o  change t h e  e m i s s i v i t y  of highly  r e f l e c t i n g  s u r f a c e s  by a 
s i g n i f i c a n t  amount. 
t o  i n f l i c t  t h i s  degree of damage, t h e  l abora to ry  exposure is 
equ iva len t  t o  s e v e r a l  years  i n  space.  However, it must be 
recognized t h a t  t h e  l abora to ry  r e s u l t s  a lone a r e  no t  s u f f i c i e n t  
t o  p r e d i c t  t h e  behavior of meta ls  i n  t h e  space environment be- 
cause t h e  e f f e c t s  a r e  s t rong ly  dependent upon t h e  m e t e o r i t i c  
f l u x  and t h e  p r o p e r t i e s  of i n d i v i d u a l  meteoroids.  Ex t r apo la t ion  
of t h e  t e s t  r e s u l t s  is, a t  b e s t ,  a s p e c u l a t i v e  procedure.  How- 
ever ,  t h e  b r i e f  e x e r c i s e  o u t l i n e d  i n  t h e  fol lowing paragraphs,  
t ends  t o  i d e n t i f y  t h e  major problem a r e a s  and provides  a frame- 
work f o r  t h e  examination of t h e  t e s t  r e s u l t s .  

Up t o  30% s u r f a c e  damage is requ i r ed  

I n  terms of numbers of p a r t i c l e s  r equ i r ed  

The o b j e c t i v e  of t h e  e x e r c i s e  is t o  e s t i m a t e  t h e  space 
exposure s imula ted  by t h e  experimental  r e s u l t s .  For t h e  sake 
of s i m p l i c i t y ,  w e  l i m i t  t h e  d i s c u s s i o n  t o  a s i n g l e  t a r g e t  
m a t e r i a l ;  namely, gold.  From t h e  r e s u l t s  above, w e  see t h a t  
t h e  average c r a t e r  diameter t o  p a r t i c l e  diameter  r a t i o  (Dc/d) 
is about  3 . 5  f o r  i ron  p a r t i c l e s .  This is obta ined  f o r  a mean 
v e l o c i t y  of about  5 km/sec. The mean micrometeoroid v e l o c i t y  
is usua l ly  taken  as 30 km/sec. Assuming t h a t  t h e  depth of 
p e n e t r a t i o n  i n c r e a s e s  a s  t h e  r a t i o  of v e l o c i t i e s  t o  t h e  t w o -  
t h i r d s  power, D /d a t  30 km/sec would be about 12.  

Another f a c t o r  which e f f e c t s  Dc/d is t h e  p a r t i c l e  
d e n s i t y .  A l l  of t h e  experimental  work was done with i r o n  
p a r t i c l e s  having a dens i ty  of about 8 gms/cm . There is 
reason  t o  suspec t  t h a t  micrometeoroids a r e  composed of lower 
d e n s i t y  m a t e r i a l .  A dens i ty  of 2 gms/cm was chosen 

C 

3 

3 
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a r b i t r a r i l y  f o r  purposes of e v a l u a t i o n .  Although w e  have no 
d i rec t  experimental  measurements on t h e  r e l a t i v e  c r a t e r i n g  
e f f i c i e n c i e s  of d i f f e r e n t  d e n s i t y  p a r t i c l e s ,  a value of 
Dc/d = 2 a t  5 km/sec appears t o  be a conserva t ive  e s t ima te .  
By t h e  same arguments used above, Dc/d would be about 6 . 6  a t  
30 km/sec 

The meteoroid f l u x  is usua l ly  expressed a s  a cumulat ive 
mass d i s t r i b u t i o n  curve.  The one suggested by Alexander, 
e t  a1,8 which is based on t h e  r e s u l t s  of d i rect  s a t e l l i t e  
measurements, w i l l  be used. The i r  curve g i v e s  t h e  f l u x  of 
meteoroids  with mass g r e a t e r  than a s p e c i f i e d  value.  Using 
t h i s  curve and t h e  c r a t e r i n g  c r i te r ia  from above, some s i m p l i -  

f i e d  c a l c u l a t i o n s  on a n t i c i p a t e d  c r a t e r  coverage for a gold  
t a r g e t  have been made. The r e s u l t s  of these c a l c u l a t i o n s  a r e  
shown i n  Table I11 f o r  p a r t i c l e s  of d e n s i t i e s  8 gm/cm3 and 
2 gm/cm . 3 

F i r s t ,  meteoroid mass  was s p e c i f i e d  and t h e  f l u x  
corresponding t o  t h a t  value was determined from Alexander 's  
curve.  Assuming s p h e r i c a l  p a r t i c l e s ,  t h e  diameters  of p a r t i c l e s  
corresponding t o  t h e  s p e c i f i e d  mass were determined. The c r a t e r  
diameter  and a r e a  were c a l c u l a t e d  based on t h e  assumptions de- 
scribed above. F i n a l l y ,  t he  f r a c t i o n  of u n i t  a r e a  covered by 
c r a t e r s  was computed and is g iven  i n  t h e  l a s t  column. 

I m p l i c i t  i n  t h e s e  c a l c u l a t i o n s  is t h e  f a c t  t h a t  f o r  a 
g iven  mass a l l  p a r t i c l e s  a r e  i d e n t i c a l  which is an over- 
s i m p l i f i c a t i o n  and y i e l d s  a lower value of coverage. More 
proper ly ,  t h e  t o t a l  coverage should be computed a n a l y t i c a l l y  
from a d i f f e r e n t i a l  f l u x  r e p r e s e n t a t i o n .  Nevertheless ,  the  

magnitude of a n t i c i p a t e d  coverage is s imilar  t o  the  coverage 
obta ined  i n  t h e  labora tory  experiments .  Therefore, w e  con- 
c lude  t h a t  t he  experiments s imula t e  about one y e a r ' s  exposure 
to t h e  space environment, o r  l e s s ,  
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Perhaps t h e  most obvious conclusion which can be reached 
from these measurements is t h a t  t h e  thermal  r a d i a t i o n  p r o p e r t i e s  
of c e r t a i n  c l a s s e s  of m a t e r i a l s  a r e  much less s u s c e p t i b l e  t o  
change than  o t h e r s .  Generally,  m a t e r i a l s  which resist hyper- 
v e l o c i t y  p e n e t r a t i o n  e x h i b i t  sma l l e r  changes.  POP example, 
s t a i n l e s s  s t ee l  t a r g e t s  r e q u i r e  roughly t h r e e  t i m e s  a s  many 
impacts a s  go ld  t a r g e t s  t o  g ive  comparable changes i n  emi t tance .  
Vapor depos i ted  aluminum on a r e s i n  s u b s t r a t e  i n d i c a t e d  the  
s m a l l e s t  change of a l l  t h e  m a t e r i a l s  examined. This is a t -  
t r i b u t e d  t o  the  p e c u l i a r  c r a t e r i n g  mechanism e x h i b i t e d  by t h i s  
type  of t a r g e t .  Apparently t h e  c r a t e r s  a r e  q u i t e  deep r e l a t i v e  
t o  t h e i r  diameter.  Since changes i n  e m i s s i v i t y  appear  t o  be 
r e l a t e d  to t h e  s u r f a c e  a r e a  a f f e c t e d ,  t h i s  type  of m a t e r i a l  
s u f f e r s  l i t t l e  change. 

A f a c t o r  which has not  been examined is t h e  e f f e c t  of 
mean c r a t e r  size. For gold t a r g e t s ,  the  average c r a t e r  d i m -  
e t e r  obtained i n  the  l abora to ry  was about  5 t o  6 microns. It  
is apparent  from Table I I I t h a t  s i g n i f i c a n t  coverage is rep resen t -  
ed  by c r a t e r s  of w i d e l y  d i f f e r e n t  sizes. The e f f e c t  of c r a t e r  
size on r a d i a t i o n  p r o p e r t i e s  would provide another  valuable  
p i ece  of information t o  support  e x t r a p o l a t i o n  procedures.  

V. SUMWRY 

The experimental  program, desc r ibed  above, has shown 
t h a t  micrometeoroid damage t o  thermal  c o n t r o l  m a t e r i a l s  can be 
s imula ted  i n  t h e  labora tory .  The e f f e c t s ,  a l though no t  s e r i o u s  
i n  m o s t  c a ses ,  a r e  s i g n i f i c a n t  and should be considered i n  t h e  
knowledgeable design of s p a c e c r a f t  thermal  c o n t r o l  s y s t e m s .  
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